Abstract: This paper studies the potential for drain water heat recovery on a single residence scale, showing its interaction with the space and domestic hot water heating system. The article performs a Monte Carlo simulation based on measured wastewater characteristics, and heat consumption data provided by the Building Energy Ratings database. It shows the necessity of a back-up heating system, on average between 8 and 42% of the demand can be met by recovered heat. This would signify a reduction in GHG emission varying between 7.6 and 22%, but would increase costs ranging from 120 to 130%. Using a hot water reservoir increases the share of recovered heat in the mix, reducing GHG emissions and costs. However at current traditional heating prices, the drain water heat recovery system for a single residence is not financially competitive with traditional systems, showing the need for different strategies.
Introduction
In 2014, 32% of the total primary energy consumption in Ireland was destined for thermal usage, which corresponded to 31% of the country's greenhouse gas (GHG) emissions. In the same year over 87% of this thermal energy was provided by fossil fuels, mainly oil, gas and coal, only 6.6% was provided by renewable heating sources [1] . In the European Union, heating and cooling was responsible for 50% of the final energy consumption, with a renewable share of 18% [2] . The European targets for improved energy efficiency (20%), include an increased share of renewable energy sources ( 20% ), and reduced GHG emissions ( 20% ) by 2020 [3] . Ireland's nationally determined contribution includes a 16% increase in energy production from renewable sources (12% of which should be renewable heat), and a 20% reduction in GHG emission reduction [4] . At the current rate these renewable heat targets will not be reached [4] . Failure to meet these targets would require the purchase of renewable energy compliance from other EU member states [5] .
The Irish domestic sector is responsible for about 45% of the thermal energy demand, and it's estimated that about 15% of the consumed heat is still embedded in water leaving residences as wastewater. Different methods for recovering this heat are discussed in literature.
These heat recovery methods range from very localized, for example in showers [6] [7] [8] and dishwashers [9, 10] , to the combination of several residences through the sewer system [11, 12] . On the other hand extremely centralized options, such as the wastewater treatment plants are also considered [13] [14] [15] [16] [17] [18] [19] [20] . This paper studies the heat recovery potential from a single residence, and adds a time component to it, studying at which point in time the heat is available. It studies the interaction between this availability, and the consumption profile over a day. It's expected that the heat density of the wastewater is higher on a uni-residence scale, compared to multiple residences, however the volume will be lower. Despite an expected improved performance, the importance of the capital cost might still result in an increased cost.
Methods and Analysis

Monte Carlo Method
The Monte Carlo method is a probabilistic method, based on repeated random sampling of the parameters. In this case, the domestic hot water consumption, space heating consumption and wastewater temperature were randomly sampled, following their observed distribution, at each hour of the day. This method is often used for simulating systems with coupled degrees of freedom, and uncertainties on the inputs, both of which are present in the problem of estimating the recoverable heat from domestic wastewater, and its interaction with the heating system(s). For example, the domestic hot water consumption and wastewater flow are directly coupled, and uncertainties exist on the drain water temperature, and the predicted hot water consumption.
Data
The data used to fit the distributions and generate the random samples at each of the Monte Carlo iterations, was taken from different sources, in order to approximate actual consumption profiles as closely as possible. Some of the data was measured by the authors of this paper, other data was collected through official instances, or other research projects. The data sources are described in this section.
Domestic Hot Water Consumption
The yearly domestic energy consumption of a single residence in Ireland was collected for the attribution of a 'Building Energy Rating' (BER) to each of the residences. This BER is an indication of a residence's energy performance, it is compulsory for all rented or sold homes, with the exception of protected structures. The BER database in Ireland contained the information for 697,984 residences at the moment of the analysis, an estimated 40% of all Irish residences [21] .
The yearly consumption data doesn't provide any information on daily or seasonal variations, to account for these variations a synthetic load profile was generated based on the raw data from [22] . A synthetic load profile [23] shows how the consumption (of domestic hot water in this case) at a certain point in time, relates to the mean value. The data in [22] comprised 113 dwellings, which show differences in the load profile. In order to account for these differences, a distribution was used for each hour of the day (Figure 1 ), and a similar profile was used for the differences for each month. For each iteration of the Monte Carlo simulation, an average daily Domestic Hot Water (DHW) consumption value was generated, based on the distribution of the data in [21] . This value was then multiplied with the load profiles generated based on the distribution of the data in [22] , resulting in a typical daily DHW demand profile for each of the months.
Space Heating Consumption
Similar to the DHW consumption profile, the average daily space heating consumption value was generated, based on the distribution of the data in [21] . The synthetic load profiles, and their distributions were estimated based on the heating degree day information, as given by [24] . Similarly, the typical daily space heating demand profile for each of the months was obtained through the multiplication of these parameters.
Drain Water Temperature
The drain water temperature at a certain time of the day, during a given month, was generated based on the distribution of the values measured by the authors at different residences in Ireland, an example of such a distribution is shown in Figure 2 .
The waste water flow was estimated based on the DHW consumption at the given time, as the wastewater is a direct result of DHW activities. 
Levelized Cost of Energy
In order to estimate the economic potential of decentralized heat recovery systems, the Levelized Cost of Energy was used. Equation (1) shows the calculation method. In this Equation , is the investment, the maintenance cost, the fuel cost, the produced energy, and r the discount rate, 7% in this case [25] .
The investment cost consists of the heat exchanger, heat pump and installation cost. The yearly maintenance cost was estimated as a percentage of the investment, whereas the fuel costs were the average prices in Ireland, as described in [26] . The LCOE was then compared to the LCOE for classic heating systems, as given in [27] .
Total Equivalent Warming Impact
To estimate the environmental impact of the different heating systems, the Total Equivalent Warming Impact (TEWI), divided by the produced heat was considered.
The TEWI, is based on the emissions related to the functioning of the heating devices, the emissions related to construction and decomposition of these devices were considered to be negligible, compared to the emissions related to the fuel [28] . The formula for heat pumps is given in Equation (2), where is the global warming potential of the refrigerant, the leakage rate, the lifetime, the refrigerant recovery rate, the electricity consumption and the carbon intensity [29] .
Similarly the formula for fossil fuel boiler systems is given by Equation (3), where is the fuel consumption.
TEWI
System Set-Up
The proposed system recovers the drain water and raw sewage in a collection tank, allowing for this tank to serve as a buffer to attenuate potential mismatches between the heat consumption by the heat pump and the flow of drain water. The heat contained in this holding tank is recovered through a heat exchanger, heating the primary fluid of a heat pump, which serves as the low temperature heat source for this heat pump. The heat pump is primarily used for space heating, but in case excess heat is available, it is used to heat up the feed water from the water supply to the desired temperature. The hot water is stored in the domestic hot water storage tank (DHWST), this way the heat pump can be operated continuously over a given time period, improving the performance of the heat pump, and increasing its profitability [11] . The consumed DHW is then pumped from the DHWST to match DHW demand. In case there's not enough heat available in the holding tank to provide all the space heating and DHW demand, a backup system is provided. The principal design of the system is shown in Figure 3 .
The backup heating system is considered to have the same cost and carbon intensity as the overall thermal energy mix in Ireland, as given in [1] . 
Exploitation Strategy
The recovered heat is primarily used to meet space heating demand, if the available energy exceeds this demand, the remaining heat is then used to meet domestic hot water demand. In case excess heat is still available this heat is used to fill the domestic hot water storage tank. Once this tank is filled to capacity the remaining heat is dumped, and thus wasted.
Heat Exchanger
To recover the heat embedded in the wastewater a heat exchanger is placed in the wastewater holding tank. In this analysis a copper heat exchanger was considered. This device was required to ensure the physical separation between the wastewater and heating and hot water network.
Heat Exchange Surface
The heat exchange surface was determined using the log mean temperature difference method, as shown in Equation (4). Where is a correction factor based on the heat exchanger type, the exchange surface and the heat transfer coefficient of the heat exchanger.
Heat Exchanger price
The price of the heat exchanger was determined using the Vatavuk method, shown in Equation (5), and described in [31] . 
Heat Pump
A heat pump is commonly used to convert low grade heat (at low temperature), to high grade heat, this process does not happen spontaneously, the input of mechanical work is required.
Heat Pump Performance
The performance of a heat pump is described as the ratio of the produced heat and the electric input, this ratio is called the Coefficient of Performance (COP, Equation (6)).
(6)
The higher this ratio, the lower the required work input, and thus fuel consumption, for the production of a certain amount of heat. This performance is calculated using a regression on the relationship between the required temperature lift (temperature difference between the low temperature heat source and the high temperature heat sink), and the COP, obtained from the datasheets of different heat pumps, with a rated power below 7 kW. The regression formula is given in Equation (7).
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Heat Pump Price
The price of the heat pump was determined by regression on the catalogue price of 28 heat pumps, with a rated power below 7 kW. The regression formula is given in Equation (8) . 
Results and Discussion
The analysis shows that the need for the back-up heating system is greatest right after the demand peaks (8 a.m. and 6 p.m.), lagging the points of high production from the DWHR system. During the periods of low demand (3-4 p.m.), peak burner activity is often not required.
Due to mismatching between heat recovery and heat consumption, the average share of heat demand met by the DWHR system without a hot water reservoir is on average 8.2%, by adding a hot water reservoir of 300 L this can be increased up to 42.4%. This can be explained by the higher usage rate of the recovered energy, from 75% to 99%. This shown in Figure 4 . Due to the high capital costs the LCOE remains significantly higher than the average value in the current thermal energy mix, as can be seen in Figure 5 . Implementing this heat recovery method would result in a yearly increased cost of heating ranging between 630€ and 680€. 
Conclusions & Perspectives
When using a drain water heat recovery system, a back-up heating system remains necessary. It is generally used right after the consumption peaks, when the accumulated recovered heat is depleted to meet the peak in demand. The share of heat demand that can be met by the DWHR system varies between 8% and 42%. Due to a mismatch between the availability of waste water heat and the heat demand, recovered heat could be wasted. In order to avoid this a hot water reservoir can be used to store the recovered heat. Using a hot water reservoir of 300 can reduce the amount of recovered heat that is unused from 25% without a reservoir to 99%, with a reservoir. This shows a mismatch between heat demand and the availability of heat in the wastewater.
Using the DWHR system greenhouse gas emissions related to domestic hot water-and space heating can be reduced by 7.6% to 22%. However, this increases heating costs by a factor ranging from 120% to 130%. At current traditional heating prices, the DWHR system for a single residence is not financially competitive with traditional systems, due to its important capital investment. Combining waste water streams from different residences would provide a larger flow, and potentially a high recoverable energy volume. However, heat would be lost between the residence and the collection point, reducing the energy density of the waste water. In turn this could lead to an increased GHG intensity of the recovered heat. An optimal collection point should be found, considering the trade-off between increased energy volume and reduced energy density. 
